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Abstract
Using a general parametrization of the spin structure of the matrix element for the elastic
e−+4He scattering and for the annihilation e++ e− → pi++pi− reactions in terms of two complex
amplitudes, we derive general properties of the observables in presence of two–photon exchange.
We show that this mechanism induces a specific dependence of the differential cross section on the
angle of the emitted particle. We reanalyze the existing experimental data on the differential cross
section, for elastic electron scattering on 4He, in the light of this result.
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I. INTRODUCTION
The measurement of the electromagnetic form factors (FFs) of hadrons and nuclei in
the space–like region of the momentum transfer squared has a long history (for a recent
review see Ref. [1]). The electric and magnetic FFs were determined both for the proton
and the neutron using two different techniques: the Rosenbluth separation [2] and the
polarization transfer method [3]. It turned out that the measurements of the ratio of the
proton electric to magnetic FF using these two methods lead to different results, and the
difference is increasing when Q2 (the four–momentum transfer squared) increases [4, 5].
Possible explanations rely on the calculation of radiative corrections to the unpolarized
cross section of elastic electron–nucleon scattering: the necessity to include higher orders
[6, 7] or to introduce a 2γ contribution [8].
Hadron electromagnetic FFs are also investigated in the time–like region. Most of the
data were obtained for the π– and K–mesons. The data on nucleon FFs in the time–like
region are scarce, and a precise separation of the electric and magnetic FFs has not been
done yet. Recent data have been derived by the ISR method from the BABAR collaboration
[9]. Unexpected results have been observed in the measurements of the nucleon FFs in the
time–like region (for a recent review see Ref. [10]).
If the 2γ mechanism become sizable, the straightforward extraction of the FFs from the
experimental data would be no longer possible [11]. It is known that double scattering
dominates in collisions of high–energy hadrons with deuterons at high Q2 values [12], and
in this paper it was predicted that 2γ exchange can represent a 10% effect in the elastic
electron–deuteron scattering at Q2 ∼= 1.3 GeV2 compared to the main (1γ) mechanism.
At the same time the importance of the two–photon–exchange mechanism was considered
in Ref. [13].
The reason that the 2γ mechanism, where the momentum transfer is equally shared
between the two virtual photons, can become important with increasing Q2 is that, due
to the steep decrease of the FFs, such contribution can compensate the extra factor of α
(α=1/137 is the fine structure constant for the electromagnetic interaction). Perturbative
QCD and quark counting rules [14, 15] predict the dependence of FFs on the momentum
transfer squared and, in particular, a steeper decreasing of FFs as the number of constituents
particles involved in the reaction increases. Therefore, at the same value of Q2, the relative
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role of two photon exchange with respect to the main mechanism, the one-photon exchange,
is expected to be more important for heavier targets, as d, 3He, or 4He, than for the nucleon.
The search of model independent evidence of two-photon exchange in the experimental data,
which should appear as a non linearity of the Rosenbluth fit, was done in case of deuteron
in Ref. [16] and in case of proton in Ref. [17]. No evidence was found, in the limit of the
precision of the data.
Let us note, that these experiments are sensitive to the real part of the interference
between one and two photon exchange. A very precise measurement of the transverse beam
spin asymmetry in elastic electron proton scattering is compatible with a non zero imaginary
part of the two-photon exchange amplitude [18]. Recently, the HAPPEX Collaboration at
Jefferson Laboratory has measured the transverse beam spin asymmetry for elastic electron
scattering from proton and 4He target. It is the first measurement of the asymmetry from
a nucleus and it appears to be non–negligible [19].
The 2γ contribution should also manifest itself in the time–like region. Theoretically this
problem was firstly discussed in Ref. [20] for the case of the annihilation of a e+e−–pair into
a ππ pair. The general analysis of the polarization phenomena in the reaction p¯+p→ e++e−
and in the time reversal channel, taking into account the 2γ contribution, was done in Ref.
[21]. An analysis of the BABAR data does not show evidence of two photon contribution,
in the limit of the uncertainty of the data [22].
In this paper we consider the problem of the two photon contribution in heavier targets.
In case of spin 1/2 particles, as 3He or 3H , one can apply the same model independent
statements as for the nucleon [23]. For spinless particles, the formalism will be derived in
this work.
From the experimental point of view, the following reactions involving spinless particles,
are easily accessible:
e−(p1) +
4He(q1)→ e
−(p2) +
4He(q2), (1)
and
e+ + e− → π+ + π−. (2)
The 4He nucleus plays a special role among the few–body systems. It has much higher
density, comparable to the one of heavier nuclei. The effects due to many–body forces and
correlations are expected to be more important than in the A = 3 systems. Various models
3
reproduce quite well the 4He binding energy and can be further tested by comparing the
corresponding FF to the data.
Data exist for the 4He charge FF, and the FF measurements extend to large Q2 [24]. The
highest momentum transfers were achieved by an experiment carried out at SLAC. The 4He
FF was measured up to Q2 = 64 fm−2 where the counting rate dropped to one event/week
[25]. In this range the magnitude of the FF decreases by five orders of magnitude. In
principle, at such values of Q2, the 2γ contribution may appear from the data, since the
Born (one–photon–exchange) contribution is expected to decrease faster than the 2γ one.
We derive here the expressions for the differential cross sections for the case when the
matrix element of the reactions (1) and (2) contains the 2γ contribution. The parametriza-
tion of the 2γ term is performed following a similar approach as used in the Refs. [23]. We
investigated also the effect of non–zero lepton mass which may be relevant in the case of the
muon scattering.
II. THE REACTIONS e− +4He→ e− +4He AND pi +N → pi +N
We consider the 2γ contribution to elastic electron–helium scattering, e− +4 He →
e− +4He, in a model independent way, based on general properties of the strong and the
electromagnetic interactions. This approach is similar to the one used for the analysis of
the 2γ contribution to the elastic electron–nucleon e− + N → e− + N [23], and to the
proton–antiproton annihilation to the e+e−–pair [21].
The spin structure of the matrix element for e− +4He→ e− +4He can be established in
analogy with elastic pion–nucleon scattering [26], using the general properties of the electron–
hadron interaction, such as the Lorentz invariance and P–invariance. In this respect, the
discussion of the reactions e− +4He → e− +4He and e+ + e− → π+ + π− follows similar
considerations, as the spin of the particle involved are the same and these reactions are
related by crossing symmetry.
Taking into account the identity of the initial and final states and the T–invariance of
the strong interaction, the reactions where a particle of the spin 0 is scattered by a particle
with spin 1/2, are described by two independent amplitudes. So, the general form of the
matrix element for the π + N → π + N reaction as well as the e− +4He → e− +4He one,
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taking into account the 2γ contribution, are essentially identical and can be written as [26]
M(s, t) ≃ u¯(p2)
[
A1(s, t) + A2(s, t)Qˆ
]
u(p1)ϕ(q1)ϕ(q2)
∗, Q =
1
2
(q1 + q2), (3)
Q =
1
2
(q1 + q2),
where ϕ(q1), ϕ(q2) are the wave functions of the initial and final pions (or
4He), u(p1), u(p2)
are the spinors describing the initial and final nucleon (or electron), and are functions of the
corresponding four-momenta. Here A1 and A2 are two complex invariant functions of the
variables s = (q1+ p1)
2 and t = (q2− q1)
2. At high energies, Feynman diagrams in QED are
invariant under the chirality operation u(p)→ γ5u(p), therefore, invariant structures in the
matrix element which change their sign under this transformation, such as u¯(p2)u(p1), can
be neglected in the unpolarized cross section, as they are small, proportional to the electron
mass. However, such contributions are important in the analysis of the properties of some
polarization observables and will be considered below.
Let us consider elastic electron–helium scattering (including 2γ mechanism) and re-write
Eq. (3) in the following general form:
M(s, q2) =
e2
Q2
u¯(p2)
[
mF1(s, q
2) + F2(s, q
2)Pˆ
]
u(p1)ϕ(q1)ϕ(q2)
∗ =
e2
Q2
N , (4)
where ϕ(q1) and ϕ(q2) are the wave functions of the initial and final helium, with P = q1+q2
and u(p1), u(p2) are the spinors of the initial and final electrons, respectively. Here F1 and
F2 are two invariant amplitudes, which are, generally, complex functions of two variables
s = (q1 + p1)
2 and q2 = (q2 − q1)2 = −Q2 and m is the electron mass. The matrix element
(4) contains the helicity–flip amplitude F1 which is proportional to the electron mass, which
is explicitly singled out. This small amplitude is not neglected here, because we will discuss
a nonzero polarization observable, the single–spin asymmetry, which is proportional to F1.
Therefore, two complex amplitudes, Fi(s, q
2), i = 1, 2, fully describe the spin structure of
the matrix element for the reactions considered here, independently on the reaction mecha-
nism, as the number of exchanged virtual photons.
In the Born (one–photon–exchange) approximation these amplitudes become:
FBorn1 (s, q
2) = 0, FBorn2 (s, q
2) = F (q2), (5)
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where the function F (q2) is the helium electromagnetic charge form factor depending only
on the virtual photon four–momentum squared. Due to the current hermiticity the FF F (q2)
is a real function in the region of the space–like momentum transfer.
The charge FF is normalized as F (0) = Z, where Z is the helium charge.
To separate the effects due to the Born and the two–photon exchange contributions,
let us single out the dominant contribution and define the following decompositions of the
amplitude [23]
F2(s, q
2) = F (q2) + f(s, q2). (6)
The order of magnitude of these quantities is F1(s, q
2) and f(s, q2) ∼ α, and F (q2) ∼ α0.
Since the terms F1 and f are small in comparison with the dominant one, we neglect below
the bilinear combinations of these small terms multiplied by the factor m2.
Then the differential cross section of the reaction (1) can be written as follows in the
laboratory (Lab) system:
dσ
dΩ
=
α2
4M2
E ′2
E2
|N |2
Q4
, (7)
where Q2 = −q2, M is the helium mass, and E(E ′) is the energy of the initial (scattered)
electron.
The differential cross section of the reaction (1), for the case of unpolarized particles, has
the following form in the Born approximation
dσBornun
dΩ
=
α2 cos2 θ
2
4E2 sin4 θ
2
[
1 + 2
E
M
sin2
θ
2
]−1
F 2(q2), (8)
where θ is the electron scattering angle in Lab system. Eq. (8) is consistent with the well
known result for the differential cross section of the reaction (1), Ref. [27]. Including the 2γ
contribution leads to three new terms
dσun
dΩ
=
α2 cos2 θ
2
4E2 sin4 θ
2
[
1 + 2
E
M
sin2
θ
2
]−1{
F 2(q2) + 2F (q2)Re f(s, q2) + |f(s, q2)|2 +
+
m2
M2
[
M
E
+ (1 +
M
E
) tan2
θ
2
]
F (q2)ReF1(s, q
2)
}
. (9)
Let us define the coordinate frame in Lab system of the reaction (1). The z axis is directed
along the momentum of the initial electron beam, the y axis is orthogonal to the reaction
plane and directed along the vector ~p × ~p′, where ~p(~p′) is the initial (scattered) electron
momentum, and the x axis forms a left–handed coordinate system.
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Note that, in the case of the elastic scattering of transversally polarized electron beam
on helium target, the 2γ contribution leads to a non–zero asymmetry, contrary to the Born
approximation. This asymmetry arises from the interference between 1γ and 2γ exchange
and can be written as:
Ay =
σ↑ − σ↓
σ↑ + σ↓
, (10)
where σ↑(σ↓) is the cross section for electron beam polarized parallel (antiparallel) to the
normal of the scattering plane. This asymmetry is determined by the polarization component
which is perpendicular to the reaction plane:
Ay ∼ ~se ·
~p× ~p′
|~p× ~p′|
≡ sy, (11)
where ~se is the spin vector of the electron beam. In terms of the amplitudes, it is expressed
as:
Ay = 2
m
M
tan
θ
2
ImF1(s, q
2)
F (q2)
. (12)
Being a T–odd quantity, it is completely determined by the 2γ contribution through the
spin–flip amplitude F1(s, q
2) and, therefore, it is proportional to the electron mass.
As one can see from Eq. (9), the extraction of the value of the helium form factor from the
measured cross section is determined by the real part of the dominant two–photon exchange
amplitude, if we neglect the small contributions due to the helicity–flip amplitude. On the
contrary, the Ay asymmetry is determined only by the imaginary part of the helicity–flip two–
photon–exchange amplitude. Thus, the presence of this Ay asymmetry must be taken into
account in parity–violating experiments since it is a possible background in the measurement
of the parity–violating asymmetry. Experimentally, for elastic e−+4He scattering, a value of
Aexpy (
4He) = −13.51±1.34(stat)±0.37(syst) ppm for E = 2.75 GeV, θ = 60, and Q2=0.077
GeV2 has been measured [19], to be compared to a theoretical prediction Athy (
4He) ≈ 10−10
which assumes that the target remains in its ground state [28]. This difference (by five orders
of magnitude) was possibly explained by a significant contribution of the excited states of
the nucleus [19].
Using the value of the measured asymmetry we can determine the size of the imaginary
part of the spin–flip amplitude F1 for the experimental conditions of the Jefferson Lab
experiment [19]. From Eq. (12) we obtain Im F1 ≈ −F (q2) for θ = 60. Assuming that
Re F1 ≈ Im F1, then the contribution of the spin–flip amplitude to the differential cross
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section of the elastic electron–helium scattering is negligible due to the small factor m2/M2.
One may expect that the imaginary part of the non–spin–flip amplitude, namely, its two–
photon–exchange part, is of the same order as Im F1 since we singled out the small factor
m/M from the amplitude F1. In this case we obtain an extremely large value for the two–
photon–exchange mechanism, of the same order as the one–photon–exchange contribution
itself, at such low q2 value. Therefore, we can conclude that either our assumption, about the
magnitudes of Im f and Im F1, is not correct, or the experimental results on the asymmetry
are somewhat large.
III. REACTION e+ + e− → pi+ + pi−
Let us consider the 2γ contribution to the reaction (2). The matrix element of this
reaction can be obtained from the expression (4) by the following substitution: q1 → −q1,
p2 → −p2. As a result one has
M(q2, t) =
e2
q2
u¯(−p2)
[
mF1(q
2, t) + F2(q
2, t)Rˆ
]
u(p1)ϕ(q1)
∗ϕ(q2)
∗ =
e2
q2
N¯ , (13)
where q = q1 + q2, R = q2 − q1, t = (p1 − q1)2 and q1 (q2) and p1 (p2) are the four–momenta
of the final π−(π+) meson and electron (positron), respectively; ϕ(q1) and ϕ(q2) are the
wave functions of the final pions. Here F1 and F2 are two invariant amplitudes, which are,
generally, complex functions of two variables q2 and t.
In the Born (one–photon–exchange) approximation these amplitudes reduce to:
FBorn1 (q
2, t) = 0, FBorn2 (q
2, t) = F (q2), (14)
where the function F (q2) is the pion electromagnetic charge FF depending only upon the
virtual photon four–momentum squared. In the region of time–like momentum transfer due
to the strong interaction in the final state the FF F (q2) is a complex function. The pion FF
has the following normalization: F (0) = 1.
Again, to separate the effects due to the Born (one–photon exchange) and 2γ contribu-
tions, let us single out the dominant contribution and define the following decompositions
of the amplitude
F2(q
2, t) = F (q2) + f(q2, t). (15)
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The order of magnitude of these quantities is F1(q
2, t), f(q2, t) ∼ α, and F (q2) ∼ α0. We
again neglect below the bilinear combinations of these small terms multiplied by the factor
m2.
The differential cross section of the reaction (2) can be written as follows in the center of
mass system (CMS)
dσ
dΩ
=
α2β
8q6
|N¯ |2, (16)
where β =
√
1− 4M2/q2 is the pion velocity in CMS and M is the pion mass.
The differential cross section of the reaction (2), for the case of unpolarized particles, has
the following form in the Born approximation (neglecting the electron mass)
dσBornun
dΩ
=
α2β3
8q2
sin2 θ|F (q2)|2, (17)
where θ is the pion scattering angle in CMS. This expression reproduce well known result for
the differential cross section of the reaction (2) [29]. The inclusion of the 2γ contributions
leads to new terms:
dσun
dΩ
=
α2β3 sin2 θ
8q2
{
|F (q2)|2 + 2ReF (q2)f(q2, t)∗ + |f(q2, t)|2 +
+4
m2
q2
cot θ
sin θ
[
cos θ|F (q2)|2 + 2ReF (q2)(cos θf(q2, t)− β−1F1(q
2, t))∗
]}
. (18)
Let us define the coordinate frame in CMS of the reaction (2). The z axis is directed along
the momentum of the initial electron beam, y axis is orthogonal to the reaction plane and
directed along the vector ~p × ~q, where ~p(~q) is the initial electron (final pion) momentum,
and the x axis forms a left–handed coordinate system.
Note that single–spin asymmetry for the reaction (2) is zero in the Born approximation.
But taking into account the 2γ contribution leads to the non–zero asymmetry in the case of
the scattering of the transversally polarized electron beam. This asymmetry can be written
as
Ay = 4
m√
q2
1
β
1
sin θ
ImF (q2)F1(q
2, t)∗
|F (q2)|2
, (19)
and it is determined by the polarization component of the electron spin vector which is
perpendicular to the reaction plane. Such asymmetry is a T-odd quantity, fully due to the
2γ contribution. It is determined by the spin–flip amplitude F1(q
2, t) and therefore it is
proportional to the electron mass.
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As it was shown in Ref. [23], symmetry properties of the amplitudes with respect to
the cos θ → − cos θ transformation can be derived from the C invariance of the considered
mechanism with the 2γ contribution:
f(cos θ) = −f(− cos θ), F1(cos θ) = F1(− cos θ).
Let us consider the situation when the experimental apparatus does not distinguish the
charge of the pion. Then we measure the following sum of the differential cross sections
dσ+
dΩ
=
dσ
dΩ
(cos θ) +
dσ
dΩ
(− cos θ). (20)
As shown in Ref. [20], the sum of differential cross sections at θ and π − θ is not sensitive
to the interference between the matrix elements corresponding to the one- and two–photon
exchange diagrams, whereas the difference of the corresponding terms, is fully due to the
presence of the 2γ contribution.
IV. DISCUSSION OF THE EXPERIMENTAL DATA
In the Born approximation, the 4He FF depends only on the momentum transfer squared,
Q2. The presence of a sizable 2γ contribution should appear as a deviation from a constant
behavior of the cross section measured at different angles and at the same Q2. In case of
4He few data exist at the same Q¯2 value, for Q2 < 8 fm−2 [30]. We checked the deviation
of these data from a constant value, with a two parameter fit, as a function of the cosine of
the electron scattering angle:
σred|Q¯2(θ) = a+ α b cos θ. (21)
No deviation from a constant is seen, the slope for each individual fit being always compatible
with zero (see Fig. 1). The results for the parameters of the individual fits and the χ2 are
reported in Table I.
From table I a systematic negative sign for the slope appears, in particular at large Q2,
beyond the node of the FF. It could be the hint of a deviation from zero, which should
increase at larger Q2, if it results from a manifestation of 2γ exchange.
To exploit the data points at higher Q2, we did a two dimensional fit, in the variables Q2
and cos θ:
σred(Q
2, cos θ) = (1− a2Q2)6e−b
2Q2[1 + αc2γQ
2 cos θ]. (22)
10
Q2 [fm −2] a ±∆a b±∆b χ2
0.5 (66 ± 4) E-02 -6 ± 9 0.1
1 (0.40± 3) E-02 -3± 8 0.2
1.5 (0.24± 2) E-02 1.0 ± 0.1 0.1
2 (15 ± 2) E-03 0.0 ± 0.1 0.1
3 (65 ± 4) E-03 0.± 1 0.1
4 (25 ± 2) E-03 0.0± 0.4 0.1
5 (101± 8) E-04 -0.2± 0.2 0.5
6 (40± 5) E-04 -0.1± 0.1 0.6
7 (15± 3) E-04 -0.09± 0.07 1.0
8 (38± 9) E-05 -0.01± 0.03 1.0
TABLE I: For each Q2 value, the intercept a and the slope b from the linear fit of the reduced
cross section, as a function of cos θ, are given for the available Q2 values (data from Ref. [30]).
This parametrization is a simple modification of the one used in Ref. [25], where the data
were interpreted assuming 1γ approximation. Eq. (22) takes into account a cos θ dependence
as well as a smoother dependence on Q2 which are both expected in presence of a 2γ
contribution. Such parametrization gives a reasonable fit up to Q2=20 fm−2. The extracted
FFs including (or not) the 2γ term in general overlap. A small difference can be seen at the
node, which can be attributed to numerical instabilities, at largeQ2. Typically the additional
2γ term is lower that 1%, excluding the factor of α, and can be absorbed imposing an extra
factor of Q2 in the parametrization of the 2γ term.
Data exist up to Q2 ∼ 40 fm−2, but two problems make difficult a reliable extraction
of the 2γ contribution. From one side the Q2 parametrization of FFs should have another
functional dependence. In Ref. [25] a form as σred(Q
2, cos θ) = a2e−2bQ
2
, with a = 0.034 ±
0.004 and b = 2.72± 0.09 was suggested. On another side, the high Q2 data were collected
at the same scattering angle θe = 8
0, masking a possible angular sensitivity induced by the
2γ term. Therefore, from these data no extraction of a possible two photon contribution
appears feasible.
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V. CONCLUSIONS
We have presented a parallel study of two reactions which involve 1/2 and zero spin
particles: the elastic scattering e− +4He → e− +4He, and the e+ + e− → π+ + π− anni-
hilation. We have derived general expressions for the matrix elements and for polarization
phenomena, within a model independent formalism based on fundamental symmetries of the
electromagnetic interaction and on crossing symmetry.
Let us summarize the main results of this paper.
We have shown that the presence of 2γ exchange can be parametrized by two complex
amplitudes instead of a real (complex) one for the scattering (annihilation) channel. The
additional terms which appear in the cross section depend on the angle of the emitted
particle, and should manifest
- in the scattering channel, as an angular dependence of the reduced differential cross
section at fixed Q2
- in the annihilation channel, as a charge asymmetry at the same emission angle, or in
an asymmetric angular distribution of the emitted particle.
The 2γ contribution could also be detected using a transversally polarized electron beam,
which induces a T-odd asymmetry of the order of the electron mass.
An analysis of the existing data does not allow to reach evidence of the presence of the
2γ mechanism, as previously attempted for other reactions involving protons and deuterons.
These conclusions hold including Coulomb corrections, which are of the order of few thou-
sandth.
The experimental data have been corrected from radiative corrections, using a method
developed by Mo and Tsai [31]. Radiative corrections modify the size and the angular
dependence of the differential cross section and should be carefully taken into account.
They depend on the experimental conditions, the kinematics and the acceptance, usually
introduced as a cutoff in the energy spectra, which correspond to the maximal energy allowed
for the emitted soft photons. Recently it appeared that higher order corrections should also
be taken into account, as they are strongly dependent on the same kinematical variables
which are relevant for the extraction of the FFs [6, 7]. In Ref. [30] it was mentioned that
the applied corrections varied from 12% to 24%. Radiative corrections at higher order can
be very large already at low Q2, as the main effect is driven by log Q
2
m2
and they can be taken
12
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FIG. 1: Reduced cross section as a function of cos θ, at Q2=0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8 fm−2
(from top to bottom). The data are from Ref. [30] and the lines are two parameter linear fits.
into account in a very effective way in frame of the structure fuinction approach [33]. A
comparison between the first order calculations and the structure function approach will be
published elsewhere.
In conclusion we stress the need for Rosenbluth experiments at larger Q2 and for measure-
ments of the single–spin asymmetry with a transversally polarized electron beam at other
Q2 values.
We also stress the need of taking into account radiative corrections at high order. The
effect of large logarithm can appear already at low Q2 values.
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